IntroDuctIon
Bombyx mori (silkworm) silk is a unique material, which has historically been highly regarded for its strength and luster. Physicians have used silk as a suture material for centuries, and it has recently gained attention as a biomaterial because of several desirable properties. In particular, these properties include its biocompatibility, the ease with which it can be chemically modified [1] [2] [3] [4] [5] , its slow rate of degradation in vivo and its ability to be processed into multiple material formats from either aqueous solution or an organic solvent 6 . Because of large-scale cultivation of silkworms for the textile industry, there are abundant and reasonable cost sources for this natural polymer; however, for medical applications, adequate extraction and preparation of the core protein is required. From the raw cocoons, the sericin component must be removed from the core fibroin fibers. Sericin is a group of soluble glycoproteins expressed in the middle silk gland of B. mori 7 . These proteins cover the surface of fibroin, the silk filament core protein, in the cocoon filament. Once this adhesive protein is removed, the fibroin fibers are dissolved into an aqueous solution that can be further processed into different materials. Some of the material formats that have been studied are shown in Figure 1 . The following protocols can help with the design and implementation of a variety of silk-based biomaterials for a range of potential applications.
Native B. mori silk is composed of silk fibroin protein coated with sericin proteins. Sericins are adhesive proteins that account for 25-30% of the total silkworm cocoon by weight. The silk fibroin consists of a light chain (M w ~26 kDa) and a heavy chain (M w ~390 kDa) linked by a disulfide bond 6 . Silk fibroin is a block copolymer rich in hydrophobic β-sheet-forming blocks linked by small hydrophilic linker segments or spacers. The crystalline regions are primarily composed of glycine-X repeats, where X is alanine, serine, threonine or valine. Within these domains lie subdomains that are rich in glycine, alanine, serine and tyrosine 6 . The result is a hydrophobic protein that selfassembles to form strong and resilient materials. The dominance of the β-sheet-forming regimes within the fibroin structure imparts the protein-based materials with high mechanical strength and toughness. The toughness of silk fibers is greater than the best synthetic materials, including Kevlar 8 . In terms of strength, silkworm silk is superior to commonly used polymeric degradable biomaterials such as collagen and poly(l-lactic acid) (PLA). The ultimate tensile strength of B. mori silk fibers is 740 MPa. In contrast, collagen has an ultimate tensile strength of 0.9-7.4 MPa and PLA 28-50 MPa 9 . Therefore, silk fibroin is an excellent candidate polymer for biomedical applications.
In addition to the impressive mechanical properties, silk fibroin is also a degradable material. Highly crystallized silk degrades slowly, but the rate in vivo depends on the implantation site, mechanical silk fibroin, derived from Bombyx mori cocoons, is a widely used and studied protein polymer for biomaterial applications. silk fibroin has remarkable mechanical properties when formed into different materials, demonstrates biocompatibility, has controllable degradation rates from hours to years and can be chemically modified to alter surface properties or to immobilize growth factors. a variety of aqueous or organic solvent-processing methods can be used to generate silk biomaterials for a range of applications. In this protocol, we include methods to extract silk from B. mori cocoons to fabricate hydrogels, tubes, sponges, composites, fibers, microspheres and thin films. these materials can be used directly as biomaterials for implants, as scaffolding in tissue engineering and in vitro disease models, as well as for drug delivery. environment and features of the processing used to prepare the silk material. Silk degradation is mediated by proteases, with the peptides generated metabolized by cells 9 . B. mori yarns have been incubated in protease XIV up to 12 weeks, and it has been shown that with increasing incubation time the enzyme cleaved the silk protein at multiple locations along the chains; overall enzymatic degradation was mediated by surface erosion 10 . In addition, the degradation rate of silk can be altered by the mode of processing the fibroin, as well as post-processing treatments, related to the content of β-sheet crystals and degree of organization of the noncrystalline domains. In general, the degradation rate decreases with an increase in overall β-sheet content. However, it has also been shown that the rate of degradation of silk biomaterials directly affected the metabolism of human mesenchymal stem cells (hMSCs) and consequently altered the rate of osteogenesis 11 . Thus, links between silk fibroin processing, material properties such as degradation rate and biological activity have been established, and provide a solid basis for utilizing silk as a biomedical material for many applications.
As a suture material, silk fibers are often coated in wax to prevent fraying and potential immune responses. Although silk was thought to cause allergies in some patients, subsequent research has shown that sericin was the cause of the immune responses 9 . Therefore, sericin must be removed from the fibroin to assure biocompatibility. The inflammatory response to silk films was evaluated in vitro with hMSCs or by seeding rat MSCs on the films and implanting them in vivo 12 . The in vitro response to silk fibroin was similar to the response to collagen and tissue culture plastic controls. In vivo, silk showed a lower inflammatory response when compared with collagen and PLA 12 . The inflammatory potential has also been assessed in vitro with macrophages in which silk was shown to have levels of tumor necrosis factor-α, a cytokine indicative of an inflammatory response, similar to those of tissue culture plastic 13 . In addition, silk fibroin has been used in several in vivo studies for brain 14 , soft tissue 15 , subcutaneous 16 and bone 17 applications.
Overview of the procedures
The applications of silk to a range of biomaterials, cell and tissue studies have been growing in recent years ( Table 1) . These applications include four categories: tissue engineering, disease models, implantable devices and drug release. The methods used to generate the material formats used in these studies are included within this protocol. For each of the silk material formats, the raw silk from the cocoons first must be treated to remove the sericin. These steps are included in the 'Silk fibroin extraction' protocol. The end result is an aqueous solution of pure silk fibroin that can be used in many of the protocols. Alternatively, the solution can be lyophilized for long-term storage or used to produce materials in organic solvent (1,1,1,3,3,3-hexafluoro-2-propanol, HFIP).
Once the extracted silk fibroin is processed into one of the several formats described here, the final step is often to induce crystallinity. Crystallinity can be induced via two methods, either by immersion in an alcohol such as methanol or ethanol or by water annealing. Alcohol immersion is simple and quick but if the researcher wants to avoid the use of an alcohol, water annealing can be used. Water annealing is the process in which the silk materials are incubated in a humid environment for several hours. For more detailed Note: The sources for the reagents and equipment described in these protocols are given only as examples. Equivalent materials can be used unless otherwise noted.
information, we refer the reader to the study by Hu et al. 18 , which describes a systematic analysis of crystalline induction through water annealing.
Silk fibroin extraction
This protocol is the starting point in order to obtain any of the material types listed earlier-sponges, films, fibers and gels. Our protocol is designed to produce one batch from 5 g of silk cocoons; however, if more material is required, the volumes can be scaled appropriately (Fig. 2) . Only cocoons that look undamaged should be used in the process. If necessary, silk cocoons can be replaced with bave fibers (raw silk textile yarn) in Step 5 , and the remainder of the protocol can be used without changes.
The resulting solution can be characterized by a variety of techniques but some of the values presented here will vary depending on the length of the boiling time and the source of the silk. For example, the molecular weight has been determined by gel electrophoresis and gel permeation chromatography. For samples that have been degummed for 30 min, the molecular weight has a broad distribution centered near 100 kDa. This value can increase for shorter degumming times or decrease when degummed for longer times 13 . Wray and co-workers 13 have also established a simple method to quickly and reproducibly measure the amount of protein degradation via fluorescence spectroscopy. Briefly, dilute samples (0.1%, wt/vol) were excited at 280 nm in a fluorescence spectrophotometer and the band at 307 nm was assessed. For samples that were degummed for 30 min, the emission value was 0.76. This value decreased for samples that were degummed for longer times and vice versa for shorter boiling times 13 . In addition, thin films of the silk solution can be prepared and thermally tested in a differential scanning calorimeter to determine the T g (178 °C) and T m (192-203 °C) 19 . The extraction process takes 4 d. If lyophilized silk is required, then an additional 3 d will be needed. Aqueous solutions can also be concentrated within an additional 24 h. Aqueous silk solutions can be sterilized by a number of methods, including sterile filtration, γ-irradiation and autoclaving. More rigorous procedures, such as γ-irradiation 20, 21 and autoclaving (unpublished results), have been shown to degrade the molecular weight of the silk fibroin, and therefore irradiation dosing or steam sterilization timing should be worked out for each system. In some cases, it is simpler to sterilize the final product before use. The preferred methods of sterilization for each material format are noted within each protocol. Purified silk can then be used for a variety of applications, as summarized in Dip method. The first protocol focuses on a simple dip method to create thin-walled tubes ( Fig. 3; . In addition, if porous tubes are required, various amounts of polyethylene oxide (PEO, 900 kDa) can be added to the silk solution and then leached out in water after the tubes have been formed. These tubes have been previously characterized by the use of scanning electron microscopy (SEM) for overall morphology, and the diffusion characteristics have been studied with the use of a fluorescent label and a confocal microscope 22 .
Gel-spun tubes. The latter protocol describes a gel spinning technique in which concentrated silk fibroin is extruded onto a rotating mandrel ( Fig. 4; option B) . By applying high shear forces to the concentrated silk solution as it is extruded through a small diameter needle, the silk is induced to gel. Further gelation is completed by the addition of methanol once the tube is formed. Because of the nature of the spinning process, gel-spun tubes can add texture to the resulting tubes 23 . Silk tubes can be tailored to individual applications by changing the mandrel size in order to change the inner diameter of the resulting tube, by creating different winding geometries, or by adding a sacrificial polymer such as PEO to create pores 23 . These tubes have been evaluated for use as vascular conduits and in bioreactor systems 22, 24 . SEM can be used to determine tube structure and to determine whether pores were formed (if applicable) 23 .
Silk hydrogelation protocols (Step 25, options C-F)
Silk hydrogels can be produced through a variety of mechanisms 25 . Here we present protocols to gel aqueous silk solutions (Fig. 5) through vortexing ( Step 25, option C) 26 , sonication ( Step 25, option D) 27 , the application of direct electrical current (Step 25 , option E) 28 or by lowering the pH (Step 25, option F) 29 . Each method is relatively simple and weak gels can be obtained within a few minutes. In some cases, we recommend incubating the gels at 37 °C overnight after the gelation process in order to obtain stiffer gels. If an adhesive gel is of interest, we refer the reader to the electrogel (e-gel) and pH gel protocols. To produce sterile gels, we suggest that the solution be sterilized and that the gelation protocol be carried out in a sterile field. Aqueous silk solutions can be sterilized by passing through a 0.2-µm filter. If it is difficult to filter the solution, we recommend diluting the solution and then subsequently concentrating it back to 8% (wt/vol) after filtering, if necessary. In the case of sonicated gels, the silk solution can be autoclaved in a wet cycle. Once the gels have been prepared, they can be stored at either 4 °C or at room temperature (20-25 °C) . Take care to prevent the gels from drying out by keeping them tightly capped or stored in a humid environment. Silk hydrogels can be characterized with a few techniques, including differential scanning calorimetry to verify the melting point (~206 °C for e-gels), Fourier transform infrared spectroscopy for secondary structure, and rheology for determining the stiffness of the gel; for example, the stiffness of a 5% (wt/vol) silk gel is around 100 kPa 26 . In the case of silk adhesives, the adhesive properties were determined using a dynamic mechanical analyzer using stainless steel fixtures (the work of adhesion values, that is, the area under the normal force-strain curve, for e-gels is around 1 mJ) 28, 29 .
Vortexing. This protocol produces silk gels from simple equipment without needing to contact the solution with a probe 26 . From a 1-ml solution, generally around 0.75 ml is recovered to form the gel. Cells may be encapsulated into the gel after the vortexing step but prior to gelation. To ensure a proper time window for cell seeding, vortexing conditions should be optimized first without cells.
Sonication. This is a simple method to produce silk gels 27 . As there is a lag time between the sonication and the onset of gelation, this method is also useful when cells or compounds are to be encapsulated in the gel. Once again, to ensure a proper time window for cell seeding, sonication conditions should be optimized first without cells. The silk concentration can be varied from 1% to 20% (wt/vol), and sonication time can be varied from 5 to 30 s at 10-20% amplitude. Cells can be added after the sonication step and prior to the gelation to provide homogeneous and effective encapsulation in the gel. As an example, we have encapsulated cells into sonicated gels by autoclaving 4% (wt/vol) silk and sonicating 5 ml of it using the methods below. Separately, human mesenchymal stem cells were harvested and brought up to a concentration of 50 × 10 6 cells per ml. A volume of 50 µl of the cell suspension was added to the sonicated silk and then incubated at 37 °C and 5% CO 2 for 2 h before adding cell culture medium 27 .
Electric current. The material produced in this protocol is an adhesive gel 28 . This gel is reversible if the polarity of the voltage is switched. Thus, if a positive voltage is applied to the electrode that had a negative voltage previously, the gel will begin to form on the newly positive electrode and the gel that had formed earlier will begin to disassemble. Because of the reversible nature of this gel, it can be used in applications in which it is advantageous to have tunable adhesion.
Silk films (Step 25, options G and H)
Films provide a way to screen materials for in vitro or in vivo testing, pattern cells, embed molecules of interest and test degradation and release. Here we present protocols to prepare both patterned ( Step 25, option G) and nonpatterned (Step 25 , option H) silk films from aqueous solutions (Fig. 6) . As the processing is water based, these techniques offer the flexibility to incorporate bioactive molecules 30 . To sterilize silk films, they can be incubated in 70% (vol/vol) ethanol overnight and then rinsed in sterile PBS or water. Film thickness and morphology can be assessed by either manually measuring it with a micrometer or by visually measuring it by SEM.
The patterned silk films generated from the latter protocol are generally 40 µm thick 31 . The pattern depth and number of grooves can be modified by changing the grating used to prepare the polydimethylsiloxane (PDMS) mold. Film thickness can be controlled by changing the concentration of the silk solution, diluting for thinner films or concentrating for thicker films. In addition, pores can be induced within the silk films by mixing various amounts of PEO into the aqueous silk solution prior to casting. Once the films have been dried and water annealed, the PEO can be removed by immersion in water overnight. For more information, please refer to Jin et al. 32 .
Silk microspheres (Step 25, options I and J)
The following protocols describe the preparation of silk micro-and nanospheres that can be used to encapsulate and release growth factors, small molecules or therapeutic compounds. The first process described uses an unsaturated fatty acid lipid (1,2-dioleoyl-sn-glycero-3-phosphocholine, DOPC) to encapsulate aqueous-based silk solutions with a molecule of interest ( Step 25, option I) 33 . Once vesicles have been generated, the lipid is removed and the microspheres can be resuspended when required (Fig. 7) . The second procedure describes the formation of microspheres through the use of phase separation between silk and another polymer (polyvinyl alcohol, PVA; Step 25 , option J) 34 ( Fig. 8) . This second method is particularly useful because of its simplicity and avoidance of organic solvents in the process.
The first protocol is an example on how to incorporate molecules of interest into silk microspheres using DOPC as an emulsifier 33 . The average particle size of spheres prepared with this method is ~2 µm, which can be determined with either optical microscopy or SEM 33 . As for drug loading, different drugs will interact differently with the silk and therefore the loading efficiency will differ among various molecules. We suggest that small batches be tested in the process before scaling up. Resuspended microspheres can also be mixed with silk solution and then be prepared into porous scaffolds, hydrogels or films.
The second protocol, which utilizes PVA, will generate silk spheres with a size range between 300 nm and 20 µm 34 . The size of the spheres can be controlled by changing the concentration of the silk or PVA solutions or by sonicating to the solution prior to casting the film. To characterize these spheres, a few techniques have been used, including dynamic light scattering to determine the size of the nanometer spheres, laser light diffraction to determine the size of the microspheres and SEM to image the morphology. Confocal microscopy was also used to determine model drug loading 34 . Drugs may be encapsulated in these spheres by adding the drug to the silk solution prior to mixing with the PVA. In general, we start with loading a mass ratio of 100:1 silk to drug. Drug-loading efficiency is specific to each case depending on molecular weight, charge and hydrophobicity, and therefore it must be determined for each drug.
Electrospun silk fibers (Step 25, option K)
Electrospinning is a process by which small-diameter fibers with large surface areas can be produced ( Fig. 9; Step 25, option K). The equipment required is relatively simple, but the fibers produced are much smaller in diameter compared with conventionally spun fibers 35 , and the process offers the ability to incorporate molecules of interest 36 . In addition, fibers can be aligned either by using a rotating mandrel 37 or by inducing the Hall Effect 38 . Electrospun mats can be sterilized by immersing the mats in 70% (vol/vol) ethanol overnight and then subsequently rinsing them in either sterile water or PBS.
This protocol produces a nonwoven isotropic mat of silk fibers. The fibers will have diameters of less than 800 nm and should appear fairly uniform. SEM can be used to examine the fiber morphology, diameter and orientation.
Silk sponges (Step 25, options L and M)
Silk sponges provide a versatile 3D porous scaffolding material for several applications, as shown in Table 1 . Here we provide protocols to form aqueous-based 39 ( Fig. 10 ) or HFIP-based scaffolds 40 ( Fig. 11) . The aqueous-based sponges have excellent interconnectivity between the pores and have the benefit of not requiring an organic solvent. This may be of interest if a bioactive molecule is incorporated into the silk matrix during processing. The HFIP-based sponges have smoother surfaces along the pores and have greater mechanical strength. Through this processing method, reinforcing agents can be added to the silk matrix to further increase its mechanical properties 41 . In addition, it has been shown that aqueous-based sponges degrade faster than HFIP-based sponges 11 , which enables the user to tailor these scaffolds to project specifications. Both of these sponge types may be sterilized by either immersing them in 70% (vol/vol) ethanol overnight or by autoclaving. The first protocol will produce aqueous-based silk sponges that are 15 mm in diameter and 10 mm in height, and the second protocol will produce at least nine scaffolds that are ~12 mm in both height and diameter. SEM can be used to characterize the morphology and pore structure of these materials. Porosity can be determined via liquid displacement 40 . 
MaterIals

REAGENTS Extraction
Silk 4| Add the measured sodium carbonate to the water and let it completely dissolve (to prepare a 0.02 M solution of Na 2 SO 3 ). ! cautIon If water is boiling, add sodium carbonate slowly to avoid boiling over.
5|
Add the cocoon pieces once the water starts to boil and continue boiling for 30 min. Occasionally, stir with a spatula to promote good dispersion of fibroin.  crItIcal step To increase reproducibility, boil for exactly 30 min every time. If boiling for longer or shorter times, indicate this on the batch label. Increasing the boiling time will degrade the fibroin.
6|
Remove the silk fibroin with a spatula and cool it by rinsing in ultrapure cold water. Squeeze excess water out of the silk. Discard the sodium carbonate solution in the sink. ! cautIon Silk fibroin and solution will be hot; use hand protectors.
7|
Place fibroin in a 1-liter beaker filled with 1 liter of ultrapure water and a stir bar. ! cautIon If you are using a plastic beaker, ensure that the hot plate has cooled.
8|
Rinse the fibroin in water for 20 min while gently stirring on a stir plate.
9|
Repeat Steps 7 and 8 twice for a total of three rinses.
10|
After the third wash, remove the silk, squeeze it well and then spread it out on a clean piece of aluminum foil.
11|
Allow the silk fibroin to dry in a fume hood overnight.  pause poInt Degummed silk fibroin, in which the sericin has been removed, can be stored indefinitely at room temperature. For long-term storage, place it in a clean plastic bag or wrap it in aluminum foil. Be sure to indicate the length of the boiling step on the label.
Dissolve silk fibroin in liBr • tIMInG 4.5 h (day 2)
12| Calculate the amount of 9.3 M lithium bromide needed to prepare a 20% (wt/vol) solution based on the amount of dried fibroin available. As 20% of the solution will be silk, 80% will be LiBr. That is, a ratio of 1:4 (1 g to 4 ml) silk to LiBr. Therefore, multiply the amount of the dried silk fibroin by 4 to obtain the total volume of 9.3 M LiBr needed (X).
13| Prepare a 9.3 M LiBr solution.
86 85 9 3 1 1 000 .
. ! cautIon Adding LiBr to water results in an exothermic reaction; be mindful of the heat generated. When preparing large volumes, we recommend carrying this out on ice.
 crItIcal step LiBr has a low density and its volume should be taken into account while preparing the solution. We suggest adding only 60% of the calculated volume of water and then bringing the solution up to the final volume. Stir with a small stir bar.
14|
Pack silk fibroin tightly into a 50-ml glass beaker and add the required amount of LiBr solution on top.  crItIcal step The LiBr must be added to the silk rather than adding silk to the LiBr so that the silk will eventually be covered and dissolved by the LiBr. It is also helpful to use the smallest glass container that will still hold the silk and LiBr solution.
15| Let fibroin dissolve in an oven at 60 °C for 4 h. Once the silk fibroin is completely dissolved, it will appear amber in color and will be transparent. Black bits from the silkworm may be visible but will be removed later. This solution will be highly viscous but should not contain any intact fibers, as determined by visual assessment.
? trouBlesHootInG
Dialysis and centrifugation • tIMInG 49 h (days 2-4)
16| Hydrate dialysis cassettes in water for a few minutes.
17|
With a 20-ml syringe and an 18-gauge needle, insert 12 ml of the silk-LiBr solution into a 3-12-ml dialysis cassette.  crItIcal step Be careful not to puncture or touch the dialysis membrane. The solution will be very viscous, and this step will be easier if the solution is kept warm before adding to the cassette. It is important to avoid shearing the solution whenever possible to avoid the induction of β-sheet within the silk. Therefore, only use the needle when injecting into the cassette. Moreover, have an additional needle and insert it into another top port of the cassette to allow air to escape. Remove the extra needle once all the air has been purged.
18|
Dialyze against 1 liter of ultrapure water per 12 ml cassette. To ensure mixing, use a large stir bar and place on a magnetic stir plate. Change the water after 1 h, 4 h, that evening, the next morning and night, as well as in the morning on the following day (i.e., six changes within 48 h).
19|
Remove silk from the cassettes with another 20-ml syringe and an 18-gauge needle. Place silk in a 50-ml conical tube. Depending on the volume, either split it between two tubes (if more than 40 ml) or fill one tube and use a counterbalance of water.
20|
Centrifuge to remove impurities. Place in a centrifuge and spin at 9,000 r.p.m. (~12,700g) at 4 °C for 20 min.
21|
Carefully remove tubes from the centrifuge and either pour or transfer the silk solution with a 25 ml pipette into another centrifuge tube. Be sure to leave any white flocculent or brown matter behind.
22|
Repeat Steps 20 and 21 again.
23|
To determine the concentration of the silk in solution, measure the weight of a small weigh boat. Thereafter, add 0.5 ml of the silk solution to the boat and allow it to dry at 60 °C. Once the silk is dry, determine the weight of the silk and divide it by 0.5 ml. This will yield the weight per volume percentage.  crItIcal step A batch of 5 g of silk cocoons generally yields 25 ml of 7-8% (wt/vol) silk solution. The solution will be tinted yellow but should be relatively clear and slightly more viscous than water. If there are impurities such as white flocculents or dark particulates, it is best to recentrifuge to remove them.  pause poInt The silk solution can be stored at 4 °C for at least a month. Depending on the purity, stored silk will eventually gel but gelation times will vary. Once the silk has gelled, it cannot be used for protocols that require solution and therefore another batch will need to be extracted.
lyophilization and concentration 24|
The fibroin solution (25 ml at concentration 7-8% (wt/vol)) can either be used as is or it can be lyophilized (option A) or concentrated (option B). For storage for longer than 1 month, the silk solution should be lyophilized. In this form, the silk will be stable for years at room temperature and can be reconstituted in HFIP. The concentrated solution (20-30%, wt/vol) can be used directly for preparing silk tubes. (xiv) Indicate the time and date that the cassette was added to solution. For dip-method tubes, the silk is generally concentrated for 20 h. For the gel-spun tubes, the solution must be more viscous and therefore is concentrated for ~22 h. (xv) Remove the concentrated silk solution after the desired amount of time using a 3-ml syringe and an 18-gauge needle. (xvi) Measure the solution concentration by weighing out a small weigh boat and then adding 0.1 ml of concentrated silk solution to the boat. Because of the high viscosity of concentrated silk, we suggest using either large-orifice pipette tips or cutting off the tip of the pipette. Dry the solution at 60 °C and then weigh the dried film. The weight of the silk divided by the volume used (0.1 ml) will yield the weight per volume percent.  crItIcal step Depending on the initial silk concentration, 10 ml of silk fibroin will yield 2-4 ml of concentrated silk solution after dialyzing against 10% (wt/vol) PEG for 20-22 h. The amount of time used to concentrate the solution may need to be altered for each batch. The concentration time is not linear, so care must be taken to avoid gelling the silk in the cassette if it is left in the PEG solution for too long. With experience, the researcher will be able to visually determine whether the silk is concentrated enough. If the silk is collected too early, it can either be replaced into a cassette and allow the dialysis to proceed for more time or it can be stored at 4 °C. We find that storing the silk for a few days will allow it to reach the required concentration. It is suggested that the silk be checked daily, as the solution can gel after it has been stored for too long (approximately 1-2 weeks). The solution can be checked by attempting to use it in the intended protocol. For example, for dipped tubes, a mandrel can be dipped into the solution and then it can be visually determined whether multiple beads form without coalescing. If this occurs, then the solution is not ready. The resulting silk solution should be very viscous and will appear slightly cloudy when compared with the starting solution. (xvii) Remove the needle and transfer the solution to 2-ml microcentrifuge tubes.
 crItIcal step Be careful not to introduce bubbles to the solution, as they are very difficult to remove later.  pause poInt Label and store at 4 °C for a few days. Concentrated silk can only be stored for a few days, possibly up to a week, before it gels. Only concentrate silk when it is intended to be used relatively soon.
25|
The silk fibroin can now be used to prepare a number of different materials (Fig. 1) . Using the concentrated solution (prepared in Step 24B) you can prepare silk tubes by either a simple dip method to create thin-walled tubes (option A, Fig. 3) or by gel spinning, wherein the fibroin is extruded onto a rotating mandrel (option B , Fig. 4) . Alternatively, silk solution may be used to prepare hydrogels via vortexing, sonication, electrical current or pH change (options C-F , Fig. 5) ; nonpatterned or patterned silk films (options G and H,  crItIcal step Remove the silk-coated wire from methanol and allow to dry for ~30 s. (v) Repeat dipping process and methanol treatment 2-4 times or until the wire is sufficiently coated with silk. The silk may appear uneven, but it will shrink as it dries. (vi) Dry tubes by sticking the inverted silk-coated wire into styrofoam and place it in a fume hood overnight. We suggest making an excess number of tubes, as some of the tubes may crack during the drying process.  pause poInt Dried tubes can be stored for several days at room temperature. (vii) When silk is dry, place the wires coated with silk into a 15-ml conical tube filled with soapy water and soak for 1 h. (viii) After soaking, remove the tubes from the soapy water and cut the end of the silk tube with a scalpel or a razor blade.
(ix) Remove the tube from the wire using tweezers. The tube should slide off easily. If it is difficult to remove without scrunching the tube, then place the tube back into soapy water and wait before trying again. ? trouBlesHootInG (x) Fill a plastic Petri dish (10 cm) with ultrapure water. Place the tubes in the water and incubate on a shaking water bath for 1 h to remove residual soap. (xi) Store silk tubes in a plastic Petri dish at room temperature. These tubes can be stored for several months up to a couple of years. They are brittle, so we suggest that they be hydrated in water before being manipulated. To obtain a uniform fiber, a generous amount of pressure is required. If solution does not come out, replace the needle with a 27-gauge needle.  crItIcal step The winding pattern can be altered through the use of the mandrel rotation system. If the rotation is constant and the mandrel oscillates back and forth, a cross-hatched design can be generated. If a fiber running in the same direction is required, the mandrel rotation system should be stopped after one layer and then the rotation reversed. The wall thickness obtained with this method will depend on the number of layers and the speed of the transverse motor.
? trouBlesHootInG (vi) Once the silk has been laid onto the mandrel, apply methanol on top of the silk with a needle and syringe in order to induce β-sheet formation within the silk fibroin. (iii) While the silk is dissolving, prepare the salt with the particle sizes of interest. Stack the sieves with the largest mesh on top and the smallest mesh at the bottom. Add salt and shake vigorously. Repeat until the desired amount of salt is collected. (iv) Weigh 3.4 g of NaCl and place it in a glass shell vial. Repeat for eight more vials.
 crItIcal step If larger scaffolds are required, the mold can be exchanged with a larger one and the salt weight can be scaled with a 20:1 ratio with the silk mass in solution. Be careful to choose a mold material that will not interact with HFIP. HFIP is highly corrosive, so metal should be avoided. In addition, for larger scaffolds the methanol treatment and dialysis times may need to be scaled up to ensure penetration of the solvent molecules into the center of the scaffolds. (xiv) Remove the scaffolds from the molds and replace them in fresh water for an additional day. Scaffolds without reinforcement will begin to float when the salt is removed. (xv) Store scaffolds in ultrapure water in 50-ml tubes at 4 °C until needed for use (can be stored for 2-6 months) or dry the scaffolds and store them dry at room temperature. (xvi) When needed for use, cut them in water at desired dimensions and autoclave to sterilize. We suggest slicing off the top and bottom layers and discarding them, as the surface has a skin that is less porous. ? trouBlesHootInG ? trouBlesHootInG Troubleshooting advice can be found in table 2.
(continued) The silk gel fiber being wrapped around the mandrel has beads along it
If the fiber is not uniform as it is being wrapped around the mandrel, it will result in an uneven tube. Beads along the gel fiber indicate that the silk solution is not concentrated enough. Store the solution at 4 °C for a couple of days but check it periodically as the silk will gel if it is stored for too long 25C(iv) (vortex gels) Gel will not form Vortexing time and amplitude may need to be adjusted depending on the batch of silk, age of the solution and volume 25D(iii) (sonicated gels)
Gel will not form Sonication time and amplitude may need to be adjusted depending on the batch of silk, age of the solution and volume Try pushing the scaffolds down or centrifuge them before drying
Step 25L, Preparation of aqueous-based sponges: 5 d
Step 25M, Preparation of HFIP-based sponges: 8 d
antIcIpateD results
Expected outcomes for the various options described in the PROCEDURE are summarized in the INTRODUCTION.
